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Modeling sensory and instrumental texture changes of dry-roasted almonds
under diﬀerent storage conditions
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The rejection of roasted almonds by consumers is often due to the development of rancidity or textural changes.
Dry-roasted ‘Nonpareil’ almonds were stored in polypropylene bags (PPB) in environmental chambers at 15, 25,
35 °C and 50 or 65% relative humidity (RH) or at 4 °C without RH control, and in high barrier bags (HBB) at 4,
15, 25, and 35 °C without RH control. Descriptive and consumer sensory testing as well as instrumental texture
analyses were conducted on the samples over 16 months. Of the 11 samples, four (PPB/25 °C/65% RH, PPB/
35 °C/50% RH, PPB/35 °C/65% RH, and HBB/35 °C) were rejected by consumers over the course of the study.
Predictive models for the assessed attributes showed temperature to promote deterioration of almond acceptability, as determined by both consumer assessment and descriptive analysis. Storage in HBB mitigated acceptability losses at a scale of magnitude roughly comparable to that of 15–25 °C in storage temperature decreases. Univariate analysis showed that instrumental assessment of number of force peaks was a strong
predictor of overall consumer acceptability (R2 = 68.5%). It is recommended that industry members utilize force
peaks assessment as an indicator of consumer acceptability, and consider reduced temperature storage and/or
HBB for long-term storage of almonds.

1. Introduction

storage conditions for roasted almonds by the Almond Board of California (ABC) include the following: cool and dry conditions in vacuumpacked foil bags at < 10 °C and < 65% relative humidity (RH) (ABC,
2016).
García-Pascual, Mateos, Carbonell, and Salazar (2003) showed
rancidity to consistently be the limiting factor in consumer acceptability of almonds, regardless of product form. Development of rancidity is attributable most often to suboptimal storage conditions and/
or a lengthy storage period. Rancid almonds are typically described as
having an “oﬀ ﬂavor” (Harris, Westcott, & Henick, 1972).
Textural characteristics are also of recognized importance to the
acceptability of roasted almonds. Speciﬁcally, crunchiness is considered
key to acceptability (Varela, Chen, Fiszman, & Povey, 2006). If almonds
adsorb moisture during storage, it is expected this will lead to decreases
in sensory textural acceptability due to decreases in crunchiness. Conversely, moisture migration during storage may also lead to moisture
desorption, which can improve crunchiness (ABC, 2014).
Unfortunately, there is a lack of quantitative knowledge about the

Almonds [Prunus dulcis (Mill.) D. A. Webb] are a very popular tree
nut with 0.82 kg consumed, on average, per person per year in the
United States (ABC, 2016). For comparison, < 0.23 kg each of walnuts,
pecans and pistachios are consumed per person each year. Concerning
U.S. domestic consumption, 60–70% of the almonds are eaten roasted
(Huang, 2014).
Because almonds are a low-moisture food with high levels of natural
antioxidants, they possess a relatively long shelf-life. Yet, the shelf-life
of almonds can be impaired by environmental factors such as humidity
and temperature. Like other nuts, almonds are susceptible to degradation from lipid oxidation due to their high fat content (499 g/kg) and
their high proportion of unsaturated fats (monounsaturated fats
∼660 g/kg of total fat, polyunsaturated fats 260 g/kg of total fat;
USDA, 2016). Almonds are harvested only once per year; so, maintenance of their acceptability during storage is crucial for delivery of a
uniform top-quality product to the consumer over time. Recommended
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analysts (n = 3) for detection of sensory notes typical of degradation
(ASTM, 2011b). If these panelists detected sensory notes characteristic
of nut degradation, additional sensory evaluation (trained sensory
panel, n = 5 or 6) was performed. If the stored sample diﬀered signiﬁcantly (α = 0.05; evaluated by t-test) from the baseline sample in
any one or more of the sensory attributes associated with oxidation, a
consumer screening panel (n = 35) was then implemented for this
sample. If 25% of these consumer panelists rejected the sample (answering “No” to the rejection question of, “If you had purchased this
product, would you eat it?”; Hough, Langohr, Gómez, & Curia, 2003), a
larger conﬁrmatory panel was triggered (n = 100–120). In the study
design, rejection by 25% of the consumer panelists on the conﬁrmatory
panel was required to conﬁrm rejection and removal of the sample from
additional testing. At this point of failure, instrumental texture assessment was implemented (n = 10). When the conﬁrmatory panel did not
reject the sample, the descriptive, consumer screening, and consumer
conﬁrmatory panels were repeated at subsequent 2-month intervals,
until 25% of the panelists on the conﬁrmatory panel “rejected” the
sample. Beginning at month 10 of storage, all samples not previously
rejected were evaluated by descriptive sensory tests. At 16 months of
storage, all samples remaining in storage were evaluated by all three
sensory panels (descriptive, screening, and conﬁrmatory) and by instrumental texture assessment. The study was then terminated.

eﬀects of storage parameters on the shelf-life of almonds, and this is
particularly so for roasted almonds (ABC, 2010; Franklin et al., 2017;
García-Pascual et al., 2003). To that end, more speciﬁc guidelines are
needed by the industry to ensure a consistent, top-quality product
throughout storage.
The objectives of this study were to gauge the shelf-life of dryroasted almonds exposed to selected levels of temperature (T) and RH,
packaged in either polypropylene bags (PPB) or high-barrier bags
(HBB), which emulates industry practices. Nut samples were stored for
a period of up to 16 months (i.e., the maximum storage time required
by the ABC), and almond acceptability was assessed both by consumer
assessments (hedonic scoring), descriptive analysis, and instrumental
texture analysis. Multivariable models were developed for the quantitation of the eﬀects of the storage factors on almond acceptability following the trials. Additionally, univariate models were made for the
prediction of consumer acceptability according to descriptive and instrumental assessments.
2. Materials and methods
2.1. Study design
An incomplete factorial design was utilized to assess the eﬀects of
storage conditions on almond acceptability. The treatment combinations (Table 1) were chosen to represent possible storage/packaging
conditions in use by modern industry. Dry-roasted ‘Nonpareil’ almonds
(dry-roasted for 68 min at 122 °C) were supplied by Blue Diamond Almonds (Sacramento, CA, USA) and divided into 11 “sample” groups
according to combinations of temperatures (4 °C, 15 °C, 25 °C, or 35 °C)
and packaging materials (PPB or HBB). Samples in PPB stored at 15 °C
or greater were also stored at levels of controlled (50%, 65%) or uncontrolled humidity. The polypropylene material with a 100 μm ﬁlm
thickness had a water vapor transmission rate of 691 kg m−2 s−1 and an
oxygen transmission rate of 7430 m3 m−2 s−1. The HBB (i.e., metallized-ﬁlm laminates of 100 μm polyethylene terephthalate, 100 μm
aluminum, and 75 μm polyethylene) had a water vapor transmission
rate of < 43 kg m−2 s−1 and an oxygen transmission rate of < 8.6
m3 m−2 s−1. For each of the 11 samples, 30 bags were stored at the
beginning of the storage period. Individual bags containing samples
were not opened or removed from storage until the day of their use for
assessment.
The protocol for sensory evaluation outlined by ASTM (2011a) was
followed, utilizing a sequential forced decision tree for greater acquisition of sensory and consumer data for samples near sensory failure
(see Fig. 1). Freshly roasted almonds were assessed at baseline (Day 0)
by a consumer (n = 119) sensory panel and a 6-member descriptive
sensory panel, and also by instrumental texture analysis. Results obtained served for all future comparisons. Following this, the 11 samples
were assessed bimonthly by a small group of experienced sensory

2.2. Sample handling and storage
The roasted almonds were shipped to the Department of Food
Science & Technology at the University of Georgia, Athens, GA by ABC
(Sacramento, CA, USA). Upon arrival, the nuts were packaged for storage in either Uline S-17960 PPB (6 × 8 inches; 100 μm; Uline,
Waukegon, IL, USA) or 5 × 8 × 3 inch metallized ﬁlm laminate
(100 μm PET, 100 μm Al, 75 μm PE) HBB (StandUpPouches, Avon, OH,
USA). Thirty bags of almonds were prepared for each sample type, and
each bag was ﬁlled with 300 ± 5 g of roasted almonds. Bags were
ﬂushed with food-grade N2, and sealed with a Henkelman 600 vacuum
packaging system (Henkelman B.V., The Netherlands).
Hotpack environmental chambers (Models 434304 and 435314, SP
Industries, Warminster, PA, USA) were employed for controlling temperature and RH simultaneously. All samples stored at 4 °C were placed
in a Nor-Lake walk-in refrigerator (Nor-Lake, Inc., Hudson, WI, USA).
HBB samples were stored at 35 °C in a Thelco Precision Scientiﬁc
Incubator (Model 6, ThermoFisher Scientiﬁc Inc., Waltham, MA, USA)
and at 25 °C and 15 °C in Thermo Scientiﬁc Incubators (ThermoFisher
Scientiﬁc). Conditions in the chambers were monitored with an Extech
RHT-10 T/humidity probe (Extech Instruments Corporation, Nashua,
NH, USA).
2.3. Consumer assessments
Consumer panelists evaluated no more than three samples per session. Each sample comprised three almonds presented to panelists seated in individual sensory booths equipped with white lighting. Up to
three samples were presented monadically in a single session.
Presentation order was randomized and samples were coded with 3digit random numbers. Palate cleansers provided were distilled water,
baby carrots, and unsalted top saltine crackers. Using a 9-point hedonic
scale ranging from “Extremely Dislike” (1) to “Extremely Like” (9),
panelists rated each almond sample on four acceptability attributes.
These attributes were “odor”, “texture”, “ﬂavor”, and “overall”. Each
panelist was also provided a space in which to describe what he/she
liked or disliked (in words) about each sample presented (Rousset &
Martin, 2001). Lastly, the panelist responded to the question, “If you
had purchased this product would you eat it? (yes or no)” (Hough et al.,
2003).
At 11 months of storage a comparatively “fresh” sample was evaluated (n = 60) to counter any expectation by panelists of decreased

Table 1
Parameters for storage of dry-roasted ‘Nonpareil’ almond samples (11 total storage conditions).
Packaging Type

Temperature (°C)

Relative Humidity (%)

High Barrier Bags (HBB)

4
15
25
35

no
no
no
no

Sealed Polypropylene Bags (PPB)

4
15

no RH control
50
65
50
65
50
65

25
35

RH
RH
RH
RH

control
control
control
control
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INITIAL SCREENINGa
Do results indicate quality deterioration?
NO

YES

Conduct Initial
Screening again
in 2 Months

DESCRIPTIVE TESTINGb
Do characteristics differ significantly from baseline measures?
NO

YES

Conduct Initial
Screening again
in 2 Months

CONSUMER PANELc
Is the rejection rate ≥ 25%?
NO

YES

Conduct Initial
Screening again
in 2 Months

CONFIRMATORY PANELd
Is the rejection rate ≥ 25%?
NO

Repeat Descriptive Testing,
Consumer Panel and
Confirmatory Panel
bimonthly until failure

YES

SAMPLE FAILURE
Instrumental texture assessment and
then no further testing

a

Experienced sensory analysts (n = 3) screened almonds for detection of sensory notes typical of degradation.
Trained sensory panelists (n = 5 or 6, in duplicate) evaluated almond attributes for comparison to baseline measurements (those at Day 0
of storage).
c
Consumer panelists (n = 35) evaluated almonds for hedonic measurements and binary assessment of “rejection” (Response of “Yes” or
“No” to “If you had purchased this product would you eat it?”).
d
Consumer panelists (n = 100-120) evaluated nuts for hedonic measurements and binary assessment of “rejection” (Response of “Yes” or
“No” to “If you had purchased this product would you eat it?”).
b

Fig. 1. Decision tree for sensory and instrumental testing of dry-roasted ‘Nonpareil’ almond samples.

a cup with a closed lid and stored for at least 2-h post-capping (to allow
volatiles to collect in the headspace of the cup). Two repetitions were
completed for each triggered almond sample at each time point.
The trained panelists received monetary and dietary rewards for
their participation in the study.

almond quality with the progression of the study (ASTM, 2011a). This
“fresh” sample had been held since 0 months at 0 °C in a PPB, which had
been ﬂushed with food grade nitrogen prior to sealing.
2.4. Descriptive analysis

2.5. Instrumental texture analysis

A modiﬁcation of the Spectrum™ Descriptive Analysis Method was
used to determine textural attributes of almond “hardness” and
“crunchiness” (referring to the “Standard Fracturability Scale”); levels
of “sweetness”; and oxidized odors and ﬂavors of “cardboard”, “rancid”,
and “painty”. All scales ranged from 0 to 15 (15 cm), where “0” was
labeled as “not perceptible” and “15” was considered as “high intensity” (Meilgaard, Civille, & Carr, 2006).
The panelists (n = 5 or 6) were trained for approximately 25 contact hours. Training sessions focused on acceptability attributes of almonds that are related to shelf-life (Civille, Lapsley, Huang, Yada, &
Seltsam, 2009). The trained panel was monitored to ensure no loss of
calibration throughout the 16-month period and recalibration sessions
were conducted throughout the study, when appropriate. These sessions were carried out when two repetitions of the same sample by a
panelist were determined to be signiﬁcantly diﬀerent (determined by
paired t-tests across assessed attributes; α = 0.05).
Evaluation of each sample took anywhere from 10 to 15 min, and a
warm-up sample proceeded each evaluation session. No more than four
samples, including warm-up samples, were evaluated during one
testing session, and no more than two sampling sessions were completed within a day. When multiple sessions occurred within a single
day, there was at least a 1-h break between sessions.
Samples pre-coded with a 3-digit random number were evaluated
under white light by panelists seated in individual booths. The tray
presented through a sensory pass-thru window included a napkin, distilled water, expectorate cup, a palate cleanser (baby carrots), scorecard, reference scales, and the almond sample.
Whole, intact almonds were evaluated for all attributes apart from
oxidation odor attributes. For this evaluation, the almonds were chopped in
a food processor and pieces measuring between 2 and 5 mm were placed in

For instrumental assessments of the crunchiness of the almonds,
texture and audio assessments were performed according to the method
of Varela et al. (2006) with slight modiﬁcations. These assessments
were carried out at the beginning of storage (“baseline”) and then again
for each sample at their respective times of sensory failure (n = 10 in all
instances). In the absence of sensory failure, these texture assessments
were performed at the conclusion of the 16 month study.
Brieﬂy, whole almond kernels were assessed for force/displacement
measurements with a Texture Technologies TA-XT2i texture analyzer
(Texture Technologies Corp., Scarsdale, NY, USA) loaded with a 245 N
electronic load cell and a TA-94 (40 mm diameter) compression disc.
The test settings were as follows: test speed 1.0 mm/s; target mode:
strain (50%); and trigger 0.1 N. Audio was recorded simultaneously
during texture analysis using an M-audio Fast Track digital recorder
equipped with a microphone (M-Audio Cumberland, RI, USA) placed
5 cm away and at a 45° angle from the almond sample.
Force vs. displacement was collected with Texture Expert Exceed
2.64 software (Stable Micro Systems Ltd, Godalming, Surrey, United
Kingdom). Simultaneously, audio (peaks/intensity) was collected over
time with audacity software at a sample rate of 44.1 kHz. Audio ﬁles
were analyzed using MATLAB (Mathworks, Natick, MA, USA), to determine the sound intensity and number of peaks. Peaks were measured
as a minimum peak height of 0.09 and minimum peak distance of 1500.
For each sample treatment, ten almonds were assessed. From each
compression test, the curves were used to determine the parameters of
number of force peaks (FP; using a threshold value of 0.05 N), average
gradient of all positive slopes (AG), and average drop-oﬀ in data between consecutive peaks and troughs (AD).
500
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2.6. Data analysis

3.2. Consumer assessments of roasted almonds following storage

All data were analyzed using SAS (SAS version 9.4, SAS Institute
Inc., Cary, NC, USA). Analysis of variance (ANOVA) and StudentNewman-Keuls (SNK) were conducted to detect signiﬁcant diﬀerences
(α = 0.05) between samples at 16 months (or at point of rejection, if
earlier), and for comparison to baseline (i.e. “Day 0”) values.
Multivariable predictive models for sensory outputs were generated
using the “best subsets” procedure according to the storage factors of
storage temperature and bag type. Multivariable predictive models for
the instrumental texture outputs also were generated using the “best
subsets” procedure according to the storage factors of storage temperature and bag type. For consistency, only data from assessments at
month 16 of storage were used for these models (NB, samples that had
been rejected prior to month 16 were excluded from the development of
the models). Variables for models were selected according to highest
adjusted R2. Models with no signiﬁcant factors (α = 0.05) were not
reported.
Univariate regression analysis was performed for the determination
of correlation coeﬃcients between sensory and instrumental assessments with the consumer outputs of overall acceptability and panelist
rejection rates. These analyses were performed on the data acquired at
time of rejection or the conclusion of the study (in the absence of
sample rejection).

Final consumer assessment values for all samples and attributes are
listed in Table 2. These values were assessed at the time of rejection
(when applicable), or after 16 months (if rejection had not occurred
prior to this point). Table 2 also gives the percentage of consumers
rejecting the sample at the time of assessment.
Four of the 11 samples “failed” (i.e., they were rejected by ≥ 25% of
the consumers) during the 16-month storage period. The 35 °C/65%
RH/PPB sample failed the earliest (at 12 months of storage), followed
by the 35 °C/50% RH/PPB sample (at 14 mo). During the ﬁnal assessment at 16 months, both the 25 °C/65% RH/PPB and 35 °C/HBB samples failed. The failure of samples indicates that extrinsic factors such as
higher temperatures, higher RHs, and storage in PPB (rather than in
HBB) all may have contributed to more rapid sensory degradation.
Noteworthy is that García-Pascual et al. (2003) did report a protective
eﬀect of lower temperatures for storage of roasted almonds under high
humidity conditions.
The data for odor, texture, ﬂavor, and overall acceptability all show
similar trends of greater degradation due to higher temperature, higher
RH, and storage in PPB (rather than in HBB). The deterioration of acceptability according to storage conditions was quite consistent across
all determined characteristics, thereby suggesting that quality deterioration was aﬀecting odor, texture, and ﬂavor simultaneously and at
fairly uniform rates.
For the sample that failed earliest (35 °C/65% RH/PPB), the most
cited reasons for dislike by panelists were related to ﬂavor, with the
generic descriptors of “taste” or “ﬂavor” accounting for about one-third
of the responses. Also common were responses of “bland” or “stale”.
Speciﬁc indications of oﬀ-ﬂavors or rancidity were absent from the set
of responses collected. In addition to the reported generic descriptor of
“texture”, the speciﬁc texture-related responses of “soft” and “chewy”
were usual. Previously, Varela, Aguilera, & Fiszman (2008) indicated
that consumers expect roasted almonds to be “crunchy” rather than
soft, mealy, or chewy. According to Szczesniak and Kahn (1971) when
products are expected to be crunchy, consumers have limited tolerance
for deviations from this expected texture. For the sample exhibiting the
second quickest time to failure (35 °C/50% RH/PPB), fewer consumers
indicated textural reasons for their dislike, although when listed,
“chewy” and “no crunch” were most popular. The most typical ﬂavorrelated reasons for disliking this sample included “stale”, “old”, and
“rancid”, in addition to the less speciﬁc terms “taste” and “ﬂavor”.
Furthermore, unlike the sample stored at 35 °C/65% RH, “odor” was
listed as a reason for dislike.

3. Results and discussion
3.1. Baseline consumer assessment of roasted almonds (day 0)
The consumer assessment values for the almond samples at baseline are
provided in Table 2. For each of the four assessed consumer attributes at
baseline (i.e., odor, texture, ﬂavor, and overall), the average reported value
was > 7, based on a 9-point hedonic scale. Only ﬁve of the 119 consumer
panelists (4.2%) rejected the baseline sample. It is likely that some consumers have never tasted almonds without some degree of oxidation, and
found those lacking any oxidized notes to be wanting. When asked to
qualitatively identify what they liked about the samples, panelists’ responses
predominantly referred to the textural attribute of “crunchiness”. Apropos
ﬂavor, the generic responses of “ﬂavor” or “taste” were the most frequent
responses, with “roasted”, “nutty”, and “sweet” being typical speciﬁc rejoinders. “Odor” also was indicated as a reason for liking, nearly equaling
the total number of responses related to ﬂavor. Few reasons for dislike were
given, but for those that were, “dryness”, “toothpack”, and “bland” were the
most commonly cited.

Table 2
Consumer assessment resultsa for dry-roasted ‘Nonpareil’ almond samples at point of failure/end of study.

Baselined
PPB
4 °C
15 °C/50% RH
15 °C/65% RH
25 °C/50% RH
25 °C/65% RH
35 °C/50% RH
35 °C/65% RH
HBB
4 °C
15 °C
25 °C
35 °C
Pooled Standard Deviation

N

Time of failure (months)b

Storage at assessment (months)

% Panelists Rejectingc

Odor

Texture

Flavor

Overall

119
102
102
102
102
102
94
101
102
102
102
102

n/a
n/a
n/a
n/a
n/a
16
14
12
n/a
n/a
n/a
16

0
16
16
16
16
16
14
12
16
16
16
16

4
10
10
21
19
35
25
30
7
8
3
26

7.6A
6.7BC
7.0B
6.4CD
6.0D
6.1D
5.9D
5.9D
7.0B
7.5A
7.4AB
6.2D
1.6

7.3A
7.1B
7.3AB
6.8C
6.7C
6.7C
6.9BC
6.1D
7.3AB
7.6A
7.3AB
6.8B
1.7

7.4A
6.9B
6.9B
6.2C
6.1C
5.3E
5.9D
5.5E
7.2A
7.3A
7.2A
5.9D
1.8

7.6A
7.1B
7.1B
6.5C
6.3C
5.8D
6.2C
5.8D
7.3AB
7.4A
7.4A
6.3C
1.6

a
Mean values reported; hedonic scale where 1 is “extremely dislike” and 9 is “extremely like”. Means followed by the same letter within a column do not diﬀer signiﬁcantly (α = 0.05)
according to ANOVA and SNK means separation tests.
b
“Failure” deﬁned as at least 25% of panelists rejecting the sample.
c
Negative response to “If you had purchased this product would you eat it?” (yes or no) (Hough et al., 2003).
d
“Baseline” refers to sample assessment prior to exposure to treatment storage conditions.
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Table 3
Summary of multiple linear regression modelsa of consumer assessment descriptors of
dry-roasted ‘Nonpareil’ almonds according to storage conditions after 16 months of storage.

Table 4
Summary of multiple linear regression modelsa of descriptive analysis descriptors of dryroasted ‘Nonpareil’ almonds according to storage conditions after 16 months of storage.
Valueb

Valueb

Intercept
Intercept

Temp (°C)

HBBc

6.91
7.23
7.06
7.19

−0.027
−0.019
−0.046
−0.038

0.667
0.384
0.757
0.651

Texture
Odor
Texture
Flavor
Overall

R2(adj)

Linear regression coeﬃcients

R2(adj)

Linear regression coeﬃcients

41.4%
48.4%
55.8%
55.4%

Basic Taste
Odor

a
Models produced according to highest adjusted R2, as determined by “best subsets”
procedure. SAS (SAS version 9.4, SAS Institute Inc., Cary, NC, USA) was used for all
modeling.
b
All traits measured on consumer hedonic scale where 1 is “extremely dislike” and 9 is
“extremely like”.
c
A binary term for which [0 = almonds stored in polypropylene bags (PPB)] and
[1 = almonds stored in high barrier bags (HBB)].

Flavor

Hardness
Crunchiness
Sweetness
Cardboard
Rancid
Painty
Cardboard
Rancid
Painty

Temp (°C)

10.9
0.00950
6.19
0.00599
1.20
−0.0184
No reported modelsd
2.15
0.0221
0.614
0.0073
No reported modelsd
3.04
0.0382
0.728
0.0096

HBBc
−0.518
−0.190
0.419

66.6%
43.5%
33.0%

−0.560
−0.392

10.4%
20.5%

−1.57
−0.591

54.0%
19.1%

a
Models produced according to highest adjusted R2, as determined by “best subsets”
procedure. SAS (SAS version 9.4, SAS Institute Inc., Cary NC, USA) was used for all
modeling.
b
Magnitude of traits assessed by trained descriptive panelists, utilizing a scale from
“0” (“not perceptible”) to “15” (“high intensity”).
c
A binary term for which [0 = almonds stored in polypropylene bags (PPB)] and
[1 = almonds stored in high barrier bags (HBB)].
d
Models were not reported if model had no signiﬁcant factors (α = 0.05).

Comparisons of the three samples in HBB not rejected (4 °C, 15 °C,
and 25 °C) to those stored in PPB at 15 °C and 4 °C provide an indication
of the preservation eﬃcacy oﬀered by the HBB. All of these samples
consistently outperformed those in PPB by measures of panelist rejection, odor, texture, ﬂavor, and overall.

at higher temperatures. Due to the previously well-established eﬀect of
temperature on the acceleration of lipid oxidation, this is an expected
outcome for measures of perceived oxidation (“rancid” and “painty”
odors and ﬂavors). It is noteworthy that in assessments of both odor and
ﬂavor, the coeﬃcients of temperature suggest the greatest eﬀect on
“rancid”, a lesser eﬀect on “painty”, and no signiﬁcant eﬀect on
“cardboard”.
The positive coeﬃcients for temperature in prediction of textural
attributes of hardness and crunchiness are in agreement with a previous
study (Guiné, Almeida, & Correia, 2014) that reported the hardness of
almonds to increase with storage temperature (up to a measured temperature of 50 °C). It is feasible that elevated temperatures promoted
moisture desorption, which can contribute to the perception of almond
hardness and crunchiness (ABC, 2014). This hypothesis is supported by
the negative predictive eﬀect on these traits of storage in HBB, which is
expected to inhibit moisture transfer rates.
The observed negative eﬀect of temperature on magnitude for
“sweetness” (and positive eﬀect of HBB) may also have been a result of
lipid oxidation, due to the potential of oxidized ﬂavors to mask other
attributes of ﬂavor or taste (Lykomitros, Fogliano, & Capuano, 2016).
The predictive models show the signiﬁcant coeﬃcients of the HBB
variable to be negative in all cases except “sweetness”, indicating HBB
mitigated increases in these assessed measures. The sign of these
coeﬃcients are uniformly inverses of the coeﬃcients for storage temperature. The absolute magnitudes of the coeﬃcients for the HBB term
range from 25 times greater than 1 °C of storage temperature (for the
prediction of “rancid” odor) to 62 times greater than 1 °C of storage
temperature (for the prediction of “painty” ﬂavor). The models show
HBB associated with a consistently protective eﬀect against measures of
oxidized ﬂavors and odors. As with the results of the consumer assessments, the models of the descriptive analysis data suggest HBB
substantially preserved roasted almond acceptability, and their use
should be considered whenever practical.

3.3. Multivariable models of consumer assessments determined by storage
conditions
Models for prediction of consumer assessment characteristics according to storage conditions are listed in Table 3. Note that these
models utilized data exclusively from the data acquired following 16
months of storage; so, the data of the two samples that had been rejected prior to that (see Table 2) were excluded.
The models show the factors of temperature and HBB to strengthen
the correlation coeﬃcient of the predictive models for all those assessed. The coeﬃcients of temperature are negative in all cases, indicating storage temperature was, as expected, deleterious to quality
attributes. The coeﬃcients of the binary HBB term show a consistent
positive eﬀect of HBB (rather than in PPB) on all assessed quality attributes, with the greatest magnitude being for the eﬀect on ﬂavor.
The negative eﬀect of temperature and positive eﬀect of HBB were
both according to expectations. Comparisons of the coeﬃcients allow
for approximate comparison of the eﬀects of each of these factors. For
example, the coeﬃcients for the “overall” sensory value suggest that
storage in HBB (rather than in PPB) should approximately oﬀset 17.1 °C
of increased storage temperature (0.651/0.038 = 17.1). Similarly, the
coeﬃcients suggest that storage in HBB (rather than in PPB) should
approximately oﬀset 16.5 °C of increased storage temperature (0.757/
0.046 = 16.5). These ratios could be used in conjunction with consideration of economic factors to determine optimal storage strategies.
The models indicate that HBB substantially preserved roasted almond
acceptability, and their use should be strongly considered when practical.
3.4. Multivariable models of descriptive analysis according to storage
conditions
Models for prediction of descriptive analysis following 16 months of
storage are provided in Table 4. Note that these models utilized data
exclusively from the data acquired following 16 months of storage; so,
the data of the two samples that had been rejected prior to that (see
Table 2) were excluded.
The predictive models show consistent positive coeﬃcients for
temperature, with the one exception being for the prediction of the
sensory attribute of “sweetness”. The trend of positive coeﬃcients indicates higher expected values for the assessed traits following storage

3.5. Instrumental texture analysis
The instrumental texture analysis can be seen in Table 5. The data
show these instrumental measures of crunchiness were generally of
lower magnitude with greater levels of storage temperature, greater
levels of RH, and with storage in PPB (rather than in HBB). The most
notable example of this eﬀect was for the sample stored at 35 °C/65%
RH/PPB, which exhibited the lowest numbers for all three assessed
measurements. By contrast, samples exposed to high temperatures
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Table 5
Summary resultsa of instrumental texture assessments of dry-roasted ‘Nonpareil’ almonds at baseline and at sample failureb or conclusion of study.

Baselinef
PPB

4 °C
15 °C/50%
15 °C/65%
25 °C/50%
25 °C/65%
35 °C/50%
35 °C/65%
HBB
4 °C
15 °C
25 °C
35 °C
Pooled Standard Deviation

RH
RH
RH
RH
RH
RH

Time of failure (months)b

Storage at assessment (months)

FPc

ADd

AGe

n/a
n/a
n/a
n/a
n/a
16
14
12
n/a
n/a
n/a
16

0
16
16
16
16
16
14
12
16
16
16
16

20.4A
16.4ABC
16.1CDE
11.8DE
12.3CDE
8.00EF
10.4DE
4.10F
16.1BC
16.1BCD
19.6AB
16.4BCD
2.43

12.45AB
14.35A
12.96A
12.46AB
12.30AB
9.58A
10.8AB
5.43B
12.19AB
12.23AB
9.36AB
13.51A
3.27

143.2A
151.8A
125.2A
122.8AB
120.9AB
120.4AB
115.7AB
69.6B
141.5A
128.3AB
122.1AB
141.5A
25.5

a

Mean values reported (n = 10); means followed by the same letter within a column do not diﬀer signiﬁcantly (α = 0.05) according to ANOVA and SNK means separation tests.
“Failure” deﬁned as at least 25% of sensory panelists rejecting the sample; rejection deﬁned as negative response to “If you had purchased this product would you eat it?” (Hough
et al., 2003) (n > 93).
c
Force Peaks; using a threshold value of 0.05 N.
d
Average drop-oﬀ in data between consecutive peaks and troughs.
e
Average gradient of all positive slopes.
f
“Baseline” refers to sample assessment prior to exposure to treatment storage conditions.
b

Table 6
Univariate correlation coeﬃcients (R2) of sensory descriptors and instrumental texture assessments with overall acceptability of dry-roasted ‘Nonpareil’ almonds and % rejection at time
of rejectiona or conclusion of study.b
Sensory descriptive analysisc
Texture

Overall Acceptabilityg
% Panelists Rejectingh

Instrumental texture analysis (n = 10)

Taste

Odor

Flavor

Hardness

Crunchiness

Sweetness

Cardboard

Rancid

Painty

Cardboard

Rancid

Paint

FPd

ADe

AGf

43.9%
33.0%

45.7%
42.3%

60.9%
50.5%

1.7%
7.1%

44.5%
35.8%

8.3%
0.8%

10.0%
4.7%

54.0%
41.3%

34.4%
20.8%

68.5%
68.0%

1.7%
1.4%

8.5%
5.1%

“Failure” deﬁned as at least 25% of sensory panelists rejecting the sample.
Models produced using regression analysis in SAS (SAS version 9.4, SAS Institute Inc., Cary, NC, USA).
c
Magnitude of traits assessed by trained descriptive panelists (n = 5 or 6, in duplicate), utilizing a scale from “0” (“not perceptible”) to “15” (“high intensity”).
d
Force Peaks; using a threshold value of 0.05 N.
e
Average drop-oﬀ in data between consecutive peaks and troughs.
f
Average gradient of all positive slopes.
g
Measurement by consumer panelists on consumer hedonic scale where 1 is “extremely dislike” and 9 is “extremely like” (n > 93).
h
Negative response to “If you had purchased this product would you eat it?” (yes or no) (Hough et al., 2003) (n > 93).
a

b

of sweetness had the greatest predictive strength for both the measures
of overall acceptability (R2 = 60.9%) and % panelists rejecting
(R2 = 60.9%). Although a loss of sweetness is a less commonly cited
indicator of almond quality degradation than other ﬂavor markers of
oxidation, it is highly feasible that the loss of perceived sweetness occurred due to the proliferation of oxidation products that mask sweetness (ABC, 2014; Lykomitros et al., 2016). Other substantial predictors
included rancid ﬂavor, rancid odor, and sensory assessments of hardness and crunchiness. Notably, the sensory assessment of painty ﬂavor
demonstrated much greater predictive associations with the consumer
outputs than painty odor.

(25 °C and 35 °C) in HBB demonstrated instrumental measurements
more comparable to those at baseline and those in PPB under lesser
temperatures. The results of the textural analysis were in agreement
with the general expectation of lower temperatures and HBB to preserve attributes of dry-roasted almonds.
3.6. Prediction of consumer assessment by sensory and instrumental
measurements
The univariate correlation coeﬃcients (R2) of sensory descriptors
and instrumental texture assessments with overall acceptability and %
rejection at time of rejection or conclusion of study are shown in
Table 6. These correlations range from extremely weak (0.8% for prediction of % panelists rejecting according to painty odor) to quite strong
(68.5% for prediction of overall acceptability according to FP instrumental texture assessment).
Of particular utility from these results is the ability to compare these
individual assessments for their prediction of measured consumer acceptability. Our results indicate that the singular measure of FP with
instrumental analysis was more predictive of overall acceptability and
% panelists rejecting than any of the other assessments used in this
study. Comparatively, the other two instrumental assessments of texture (AD and AG) were of relatively little predictive use.
In regards to sensory descriptive analyses, the measure of the taste

4. Conclusions
The results of this study showed that increased storage temperature
promoted deterioration of roasted almond acceptability in storage, and
storage in HBB (rather than in PPB) substantially mitigated acceptability degradation. Models of consumer acceptability indicate temperature negatively associated with lower consumer scores for all assessed measures, and storage in HBB positively associated with higher
consumer scores for all measures (at a scale of absolute magnitude
roughly comparable to that of 15–25 °C). Models of descriptive assessments reveal higher temperature was a positive predictor for the oxidized notes of “rancid” and “painty” (as odors and ﬂavors for both
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attributes), and storage in HBB was a negative predictor for evaluation
of those same characteristics. Consequently, this study provides quantitation of the eﬀects of storage temperature on roasted almond stability, and allows for quantitative comparison to the beneﬁts of storage in
HBB. The instrumental textural assessment of FP demonstrated greater
predictive strength of consumer assessment outputs of overall acceptability and panelist rejection rates than any other instrumental or descriptive sensory assessment examined. It is recommended that industry
members utilize FP assessment as an indicator of consumer acceptability, and consider reduced temperature storage and/or HBB for longterm storage of almonds.
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